Human epidermal keratinocytes can be grown in culture under conditions in which they assemble a tissue with the same basic organization as normal epidermis. The cells stratify, mitosis is restricted to the basal layer and terminal differentiation occurs as the cells move through the suprabasal layers. Keratinocytes do not have to leave the basal layer in order to undergo terminal differentiation, but the two processes are normally linked, because during terminal differentiation the adhesive affinity of keratinocytes for the culture substratum and for other keratinocytes is reduced. Down-regulation of synthesis of basement membrane components and their receptors may provide the molecular basis for the reduction in cell-substratum adhesiveness. However, the molecules that mediate changes in cohesiveness have not yet been identified. Restriction of substratum contact, so that cells are prevented from spreading, appears to be one signal that induces keratinocytes to stop dividing and undergo terminal differentiation.
INTRODUCTION
T h e epidermis consists of multiple layers of epithelial cells, called keratinocytes. Mitosis is largely restricted to the basal layer and keratinocytes that leave this layer undergo terminal differentiation as they move upwards towards the tissue surface. Th ree different suprabasal zones of cells, corresponding to different stages of terminal differentiation, can be distinguished on the basis of their position and histological appearance (Fig. 1) . T h e rate of production of new cells, by division in the basal layer, is normally balanced by the rate of shedding of terminally differentiated cells from the outermost cornified layers. T h is, in turn, depends on selective migration from the basal layer of cells that are committed to terminal differentiation.
Human epidermal keratinocytes can be grown in culture under conditions in which they assemble a tissue with the same basic organization as normal epidermis (G reen, 1980) . T h e cells stratify (i.e. form multiple cell layers), mitosis takes place in the basal layer, and keratinocytes terminally differentiate in the suprabasal layers. These cultures provide a useful experimental model for investigating many aspects of epithelial cell behaviour; in particular, how the properties of individual cells at different stages of terminal differentiation determine the properties of the tissue they comprise. In this article I shall describe recent evidence that changes in cell adhesiveness ensure the selective migration of terminally differentiating keratinocytes out of the basal layer and that restricted interaction with the culture substratum may act as a signal for terminal differentiation. Fig. 2 illustrates a technique for growing human keratinocytes that was developed by Jam es Rheinwald and Howard Green (Rheinwald & Green, 1975) and is now in widespread use. T h e keratinocytes are seeded onto a feeder layer of mouse 3 T 3 cells, which conditions the culture medium and substratum to encourage attachment and proliferation. T h e feeder layer can be selectively removed at any stage during culture by aspiration with E D T A (Sun & Green, 1976) . Supplements in the culture medium stimulate growth and prolong the lifespan of the cultures (Rheinwald & Green, 1977; Green, 1978; Watt & Green, 1981; Wu et al. 1982) , so that keratinocytes from newborn foreskin epidermis can be routinely passaged more than 15 times prior to senescence (Watt, unpublished) .
M E T H O D S F O R G R O W IN G H U M A N K E R A T I N O C Y T E S IN C U L T U R E
A number of other techniques for culturing keratinocytes have been developed. For some applications it is desirable to grow the cells in serum-free medium without a feeder layer, and defined media are available for this purpose (e.g. see Boyce & Ham, 1983) . Attempts to recreate the normal epidermal environment improve the histological appearance of the cultures: cells can be grown on collagen gels (Karasek & Charlton, 1971) , into which dermal fibroblasts may be incorporated (Bell et al. 1981) ; they can be fed from below; supported at the air-m edium interface; and Rheinwald & Green (1975) . The composition of the culture medium is: 1 part Ham's F12 medium (F12) plus 3 parts Dulbecco's modified Eagle's medium (D M EM ), supplemented with 1-8X 10_+M-adenine, 10% foetal calf serum (F C S ), 0-5/igml-1 hydrocortisone (H C ), 10-l o M-cholera toxin (C T ), lOngml-1 epidermal growth factor (E G F ) and 5 fig ml-insulin. cultured in the presence of dermis or basement membrane constituents (Prunieras et al. 1983; Fusenig rt/. 1983 ).
IN V O L U C R IN A S A M A R K E R O F T E R M IN A L D I F F E R E N T I A T I O N
A characteristic feature of keratinocytes that have reached a late stage in terminal differentiation is the presence, closely apposed to the inner surface of the plasma membrane, of an insoluble protein envelope about 12 nm thick (Farbm an, 1966; Hashimoto, 1969) . T h is cornified envelope serves an important barrier function in protecting cells in the lower epidermal layers from desiccation and mechanical damage. T h e envelope is assembled by transglutaminase-catalysed cross-linking of several precursor proteins, the most abundant of which is involucrin (Rice & Green, 1979; Simon & Green, 1984) .
Prior to cross-linking, involucrin is present in the cytoplasm as a soluble protein with an apparent molecular weight (on Laemmli polyacrylamide gels) of 140X 103 (Simon & Green, 1984) . In intact epidermis the onset of involucrin synthesis is usually in the upper spinous layers (Rice & Green, 1979) . However, in culture involucrin is present in all suprabasal layers (Fig. 3; and Banks-Schlegel & Green, 1981; Watt et al. 1987) . Involucrin therefore provides a useful marker for cultured keratinocytes that have begun to differentiate terminally and have left the basal layer.
Relative position of involucrin-positive (inv+) and -negative (inv-) keratinocytes grown in medium containing approximately 2m M ( + Ca) or CM mM ( -Ca) calcium ions.
In the epidermis the stage of terminal differentiation that a keratinocyte has reached is closely correlated with its position: cells in the outermost layers are at a later stage of terminal differentiation than cells that have just left the basal layer. T here are two possible explanations for this: either position acts as a signal for terminal differentiation or else properties acquired during terminal differentiation determine position. T o distinguish between these possibilities, keratinocytes have been grown under conditions that prevent stratification: when the calcium ion concentration of the medium is reduced from its normal level of approximately 2 m M to ()■ 1 m M , keratinocytes are able to divide, but desmosome assembly is inhibited and the cells grow as a monolayer (Hennings et al. 1980; Watt & Green, 1982) . When human basal keratinocytes (i.e. cells lacking involucrin) are seeded in lowcalcium medium and grown to confluence, about 30-5 0 % start to synthesize involucrin (Fig. 3) , the same proportion as in control stratified cultures (Watt & Green, 1982) . Initiation of involucrin synthesis under these conditions is not restricted to cells that were already committed to terminal differentiation before isolation, because new involucrin-positive cells continue to appear throughout the life of the culture. Furthermore, involucrin is not the only marker of terminal differentiation to be expressed in monolayer culture: human keratinocytes normally acquire the ability to bind peanut lectin when they have left the basal layer, but peanut lectin-binding cells are also present in low-calcium cultures (Watt, 1983) .
These observations suggest that although terminal differentiation is normally linked to upward migration, movement out of the basal layer is not a prerequisite for terminal differentiation. Thus, the suprabasal position does not act as a signal for initiation of terminal differentiation. These conclusions are in good agreement with the observations that occasional involucrin-positive cells are present in the basal laver of stratified cultures (Banks-Schlegel & Green, 1981) and that in intact epidermis a small proportion of basal keratinocytes expresses the 6 7 x lO J il/r keratin that is normally characteristic of suprabasal cells (Régnier et al. 1986 ).
Since departure from the basal layer is not a prerequisite for terminal differen tiation the two processes must be linked in some other way. When stratification is induced, by raising the level of calcium ions in the medium of keratinocvte monolayers, the cells that move out of the basal layer are those that contain involucrin (Fig. 3; and Watt & Green, 1982; Magee et al. 1987) . Selective migration of involucrin-positive cells occurs even in the presence of inhibitors of DN A and protein synthesis, and of glvcosylation (Watt, 1984) . These observations suggest that involucrin-positive cells in low-calcium monolayers already have the properties that will ensure their suprabasal location when stratification is induced, and that the primarv effect of raising the calcium ion concentration in the medium is to induce assembly of desmosomes that provide the 'scaffolding' for cells to move out of the basal layer (Watt et al. 1984) .
C H A N G E S IN C E L L -S U B S T R A T U M A D H E S IO N D U R IN G T E R M IN A L D I F F E R E N T I A T I O N
One clue that changes in cell adhesiveness might play a role in the selective migration of terminally differentiating keratinocytes out of the basal layer came from immunofluorescence studies of postconfluent keratinocvte monolayers. Cell division continues after confluence and, since there is no space left on the dish to accommodate all the cells, keratinocytes start to accumulate either free in suspension or rounded up and looselv attached to the surface of the monolaver. Involucrin is present in all the rounded cells above the plane of the monolayer and in most cells that have become detached and are in the medium. This suggests that terminal differentiation is accompanied by a decrease in substratum adhesiveness (Watt & Green, 1982) . ' Further evidence that involucrin-positive cells have a lower adhesive affinity for the culture substratum than involucrin-negative cells comes from the experiment illustrated in Fig. 4 . When a mixture of involucrin-positive and -negative cells is plated out in medium containing 2 mM-calcium at very high density (3 X 106 to S X 10° cells per 35 mm diameter Petri dish) it reassembles a stratified sheet within 16 h. If there is no difference in affinity for the culture substratum one would expect to find both involucrin-positive and -negative cells in the basal layer; if there is a difference, o o then the basal layer might contain exclusively involucrin-positive or -negative cells (Fig. 4) . In fact, the sheets contain only involucrin-negative cells in the basal laver, suggesting that they have a greater adhesive affinity for the culture substratum than involucrin-positive cells (Watt, 1984) .
T h e kinetics of keratinocvte adhesion and spreading have also been measured. A mixture of involucrin-positive and -negative cells was plated onto tissue culture plastic and non-adherent cells were washed off at intervals (Figs 5, 6) . Maximum attachment of the total population occurred 8 h after plating (Fig. 5) . However, involucrin-negative cells attached and spread more rapidly than involucrin-positive cells. T h e proportion of involucrin-positive cells in the starting population was 38 %, yet the percentage of adherent cells expressing involucrin was less than 5 % after 2 h ; this rose to 34 % at 8 h. Most involucrin-negative cells had spread by 6 h (Fig. 6 ), but there was little spreading of involucrin-positive cells even at 8 h . Involucrin-positive cells appeared to adhere preferentially to the surface of spread basal cells rather than directly to the culture plastic (Fig. 6 ).
In summary, terminally differentiating keratinocytes that are expressing involu crin have a lower adhesive affinity for the culture substratum than involucrinnegative keratinocytes. Basal keratinocytes are not only more adhesive to tissue culture plastic, but also to substrata of type I or type IV collagen (Stanley et al. 1980 ), fibronectin and basement membranes (Toda & Grinnell, 1987) . Selective adhesion to collagen or plastic can be used to isolate basal cells from mixed populations of keratinocytes (Skerrow & Skerrow, 1983; Watt, unpublished) . 
In order to discover whether there are differences in cell-cell adhesiveness (cohesiveness) between basal and terminally differentiating keratinocytes, mixtures of involucrin-positive and -negative cells were allowed to aggregate, either free in suspension or encased in a capsule of agarose to which the cells do not adhere (Watt, 1984) . Fig. 7 illustrates three possible positions of involucrin-positive and -negative cells within aggregates, showing the cells either interspersed throughout the aggregate or sorted to the centre or periphery. In fact, the cells sorted out, with involucrin-negative cells coming to the centre and involucrin-positive cells to the periphery of the aggregates (Fig. 8A) (Watt, 1984) . Interpreting this result according to Steinberg's (1964) differential adhesion hypothesis, sorting out of the two subpopulations of cells indicates that they differ in cohesiveness, the involucrinnegative cells being more strongly cohesive, because they sort to the centre.
Sorting out of keratinocytes in aggregates has also been reported after injection of cells into host animals (Doran et al. 1980; Lavker & Sun, 1983) . However, the polarity of the cysts formed in vivo is the opposite of that observed in vitro. T h e in vivo polarity can be mimicked in vitro by encasing keratinocytes in collagen instead of agarose (Fig. 8 B ) : involucrin-negative cells adhere to the collagen and involucrin-positive cells become concentrated in the centre of the aggregate. Thus the presence of an adhesive substratum (host tissue in the case of the in vivo experiments) determines the relative positions of the cells.
M O L E C U L A R B A S I S O F C H A N G E S IN K E R A T I N O C Y T E A D H E S I V E N E S S
In vivo the basal layer of keratinocytes adheres to a basement membrane, the major components of which include laminin, fibronectin, type IV collagen and heparan sulphate proteoglycan (Briggaman, 1982) . Keratinocytes in culture also synthesize basement membrane components (Kariniemi et al. 1982; Brown & Parkinson, 1984, 1985; Kubo et al. 1984; O 'Keefe et al. 1984; Bohnert et al. 1986) and synthesis is reduced during terminal differentiation (Brown & Parkinson, 1985) . Keratinocytes in culture can adhere to purified substrata of fibronectin (Takashima & Grinnell, 1984; Clark et al. 1985; O 'Keefe et al. 1985; and see Grinnell, this volume) , laminin and collagen types 1,111 and IV (Stanley et al. 1980; Toda & Grinnell, 1987; Hicks & Watt, unpublished) ; and also to basement membrane secreted by parietal endoderm cells (Toda & Grinnell, 1987) . T h e ability of cultured cells to adhere to these substrata is reduced during terminal differentiation (Stanley et al. 1980; Toda & Grinnell, 1987) , suggesting that expression of functional receptors for basement membrane components is down-regulated. Tw o other approaches are also proving useful in investigating the molecular basis of keratinocyte-substratum adhesion. One is to raise monoclonal antibodies against keratinocyte membranes and screen for antibodies that inhibit cell-substratum adhesion; the antigens recognized by the antibodies can then be identified (Katayam a et al. 1986; Negi et al. 1986 ). T h e second is to identify the antigens recognized by antibodies circulating in the blood of patients with severe blistering disorders whose skin splits at the epiderm al-dermal junction. For example, patients with bullous pemphigoid or epidermolysis bullosa acquisita have antibodies against antigens synthesized by normal keratinocytes (Woodley et al. 1982 (Woodley et al. , 1985 . In the former the antigen appears to be associated with hemidesmosomes (Westgate et al. 1985) and in the latter it is a 2 9 0 x 103M r basement membrane component (Woodley et al. 1985) .
Desmosomal junctions are thought to play an important role in mediating intercellular adhesion in epithelia, and keratinocytes in culture express and assemble all the major desmosomal proteins and glycoproteins (Watt et al. 1984) . T h e main difference between desmosomal morphology in vivo and in vitro is that desmosomes formed in vitro tend to be smaller and lack a dense mid-line (Hennings & Holbrook, 1983; Magee et al. 1987) . In intact epidermis the number of desmosomes per cell increases above the basal layer (Skerrow, 1978) , making a role in the reduction of cohesiveness during terminal differentiation seem unlikely (nevertheless, there are no data on the numbers of desmosomes in the different layers of keratinocyte cultures). T h ere is evidence of heterogeneity between desmosomal glycoproteins of the basal and suprabasal layers in intact epidermis and in culture (Parrish et al. 1986) , and this would provide an alternative mechanism for changes in cellular cohesiveness. Other classes of intercellular junction expressed by keratinocytes in culture are tight junctions (K itajim a et al. 1983 ) and gap junctions (Pitts et al. 1987 ), but whether they have any role in mediating the changes in cohesiveness during terminal differentiation is unknown.
Several non-junctional membrane glycoproteins that mediate cell-cell adhesion in a range of cell types have now been described (Edelman, 1987) . E-cadherin (Yoshida & Takeichi, 1982) (also known as L-C A M , uvomorulin, cell-CAM 120/80) is expressed by keratinocytes, both in intact epidermis (Damsky et al. 1983 ) and in culture (Watt, unpublished). However, E-cadherin is expressed by all living layers of keratinocytes, so again there is no evidence that it plays a role in the reduction of cohesiveness during terminal differentiation. An alternative possibility is that changes in keratinocyte surface carbohydrate during terminal differentiation, which take place in vivo (Reano et al. 1982; Nemanic et al. 1983; Watt, 1983; Bell & Skerrow, 1984) and in stratified cultures (Watt, 1983) , could provide the molecular basis for the changes in cohesiveness.
In summary, there is some evidence that during terminal differentiation there is down-regulation of synthesis of basement membrane components and their recep tors, and that this could provide the molecular basis of the observed reduction in cell-substratum adhesiveness. Although junctional and non-junctional molecules must be involved in cell-cell adhesion, the molecular basis for the reduction of cell cohesiveness during terminal differentiation is not clear.
CELL SHAPE AND TERMINAL DIFFERENTIATION
Restricted contact with the substratum leads to inhibition of proliferation and stimulation of differentiated gene expression in many non-transformed cell types (Watt, 1986; Ben-Ze'ev, this volum e) . When keratinocytes are cultured in suspension in methylcellulose, synthesis of protein (Rice & Green, 1978) and D N A (Rheinwald, 1979) is rapidly inhibited. In fibroblasts such inhibition can be reversed by replating onto an adhesive substratum (Benecke et al. 1978) , but in keratinocytes the inhibition of D N A synthesis is irreversible and all colony-forming ability is lost after 24 h in suspension (Rheinwald, 1979) . After 3 days in suspension the majority of keratinocytes form cornified envelopes (Rice & Green, 1978) . By these criteria, namely loss of proliferative capacity and assembly of a cornified envelope, it appears that suspension culture induces premature terminal differentiation of keratinocytes.
Since adhesive affinity for the culture substratum is reduced during terminal differentiation, the possibility that artificially restricting substratum contact could act as a signal for keratinocyte terminal differentiation is clearly intriguing. T o investigate this, we have made use of a technique developed by O 'Neill et al. (1986) (see Ireland, this volume) in which cells are plated on circular palladium islands of defined size: island areas ranging from 400 to 5000fim z permit cells to maintain shapes ranging from almost spherical to fully spread. We have plated involucrinnegative keratinocytes on these islands and measured the proportion of cells synthesizing DN A or expressing involucrin 3 days later (Watt, Jordan & O 'Neill, unpublished) . W ith increased spreading the proportion of cells that incorporate [3H ]thym idine into D N A increases and the proportion that contain involucrin decreases. T h is provides further evidence that cell shape can influence the proliferation and terminal differentiation of keratinocytes.
K eratinocytes enlarge during terminal differentiation (Watt & Green, 1981) and cells greater than a certain size are unable to divide (Barrandon & Green, 1985) .
Under conditions in which the area of substratum available is limited, both in vivo on basement membrane and in vitro on plastic, larger cells will have a smaller proportion of their surfaces involved in cell-substratum adhesion than smaller cells. One can therefore speculate that, if cell enlargement is an early stage in the comm itm ent of keratinocytes to terminal differentiation, the simultaneous reduction in the proportion of cell surface involved in cell-substratum adhesion may lead to the down-regulation of basement membrane receptors and possibly, therefore, to migration out of the basal layer.
CONCLUSIONS
In this article I have reviewed evidence that changes in keratinocyte adhesiveness during terminal differentiation ensure cell migration out of the basal layer. In culture, expression of involucrin provides a useful marker of all cells that have left the basal layer, but in epidermis expression may be delayed until the upper spinous layers (Banks-Schlegel & Green, 1981) . There is therefore no reason to propose that the onset of involucrin synthesis itself plays a role in changes in adhesiveness.
T h e molecular basis of the reduction in cell-substratum adhesion may be downregulation of expression of basement membrane components and their receptors, but the molecular basis of the reduction in cohesiveness is largely a matter for speculation. At present the identification of these molecules is clearly of interest, not just for an understanding of how terminal differentiation is normally coupled to upward migration, but also because it may provide some insight into the abnormal organization of keratinocytes in tumours.
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